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Abstract: Pd-Ni nanoparticles supported on activated carbon (Pd-Ni/AC) were prepared using
a phase transfer method. The purpose of synthesizing ternary composites was to enhance the
surface area of synthesized Pd—-Ni nanoparticles, as they have a low surface area. The resulting
composite was characterized by scanning electronic microscopy (SEM), X-ray diffraction (XRD)
and energy-dispersive X-ray spectroscopy (EDX) for investigating its surface morphology, particle
size, percentage of crystallinity and elemental composition, respectively. The XRD data and EDX
analysis revealed the presence of Pd-Ni alloys impregnated on the AC. Pd-Ni/AC was used as
an adsorbent for the removal of the azo dye basic blue 3 from an aqueous medium. Kinetic and
isotherm models were used to calculate the adsorption parameters. The most suitable kinetic model
amongst the applied models was the pseudo-second-order model, confirming the chemisorption
characteristics of the process, and the most suitable isotherm model was the Langmuir model,
with a maximum adsorption capacity of 333 mg/g at 333 K. Different experimental parameters,
such as the adsorbent dosage, pH, temperature and contact time, were optimized. The optimum
parameters reached were: a pH of 12, temperature of 333 K, adsorbent dosage of 0.01 g and optimum
contact time of 30 min. Moreover, the thermodynamics parameters of adsorption, such as Gibbs free
energy (AG?), enthalpy (AH?) and entropy (AS°), showed the adsorption processes being exothermic
with values of AH® equal to —6.206 k] /mol and being spontaneous with AG® values of —13.297,
—13.780 and —14.264 kJ/mol, respectively at 293, 313 and 333 K. An increase in entropy change
(AS°®) with a value of 0.0242 k] /mol K, indicated the enhanced disorder at a solid-solution interface
during the adsorption process. Recycling the adsorbent for six cycles with sodium hydroxide and
ethanol showed a decline in the efficiency of the selected azo dye basic blue 3 up to 79%. The
prepared ternary composite was found effective in the removal of the selected dye. The removal of
other pollutants represents one of the possible future uses of the prepared adsorbent, but further
experiments are required.
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1. Introduction

Despite the rapid development in water reclamation technologies, water pollution
is still a major global problem [1]. Bodies of water have been polluted with harmful
chemicals due to rapid industrialization, leading to potable water scarcity [2]. Many
pollutants, such as heavy metals, radionuclides, phenols, pesticides, herbicides, antibiotics,
dyes, etc. [2-9], are constantly released from industry into the environment. Amongst
the mentioned pollutants, dyes are the most hazardous, containing complex unsaturated
organic compounds absorbing light in the visible region, thus limiting photosynthesis in
aquatic environments [10,11]. Synthetic dyes are widely used in the clothing, paper, leather,
oil, pharmaceutical and food industries as coloring agents [12]. In the textile industry, over
10,000 tons of dye are used per year, and about 10-15% of these dyes are in the form of dye
residues being released into bodies of water [13]. According to a World Health Organization
report, dye contributes about 17-20% to different pollution sources, and of this percentage,
10-15% are azo dyes, which, along with other hazardous effects (carcinogenic), have caused
hepatotoxicity in animal testing [2-9].

The discharge of colour products into bodies of water adversely affects the aquatic
environment due to their non-biodegradable complex molecular structures and their
byproducts, especially in azo dyes [14]. Colour byproducts in wastewater effluents can
cause toxicity depending on their exposure period and the dye concentration. Dyes absorb
and reflect sunlight entering the water and can thus interfere with bacterial growth and
inhibit photosynthesis in aquatic plants [15,16]. The toxicity of dyes may occur either
due to the direct action of the original compound or through its intermediate metabo-
lites, such as naphthalene, benzidine and other aromatic amines. These compounds are
byproducts of micro-organisms, and the azo dyes’ metabolites are also carcinogenic and
mutagenic [17-19]. In human beings, these compounds can cause allergic dermatosis, res-
piratory diseases, contact dermatitis, asthma, changes in immunoglobulin level and colon
and rectum cancer [20-24]. These secondary metabolites can also cause severe genotoxic
and phytotoxic effects in plants [25].

Several biological, chemical and physical techniques—such as bacterial, fungal, al-
gal and enzymatic decolorization [26]; phytoremediation; photocatalytic degradation;
ozonation; electrolysis; ion exchange; advanced oxidation; membrane filtration; coagu-
lation; flocculation; sonication and adsorption processes—have been used to treat dyes
present in wastewater effluents [27-40]. These methods have their own merits, but in
terms of versatility and cost, the adsorption process has been found to be superior to
other techniques [41-44]. Different adsorbents have been recommended for adsorption
of dyes, such as modified alumina, activated clay, activated carbon, kaolinite, bentonite,
modified saw dust, fly ash, mesoporous zeolite, metal-organic framework, hydrogels,
molecularly imprinted polymer (MIP), metal oxide nanoparticles (NPs), monometallic NPs
and bimetallic NPs [45-58].

NPs range in size from 1 to 100 nm, which differs from the bulk material due to their
particle size [59]. NPs are widely used in various fields, such as cosmetics, electronics,
catalysis, medicine, chemotherapy and water treatment [60-64]. In wastewater treatment,
NPs have been used for the removal of pesticides, organic dyes and heavy metals and
for the degradation of complex organic pollutants. Various monometallic and bimetallic
NPs, such as Pt, Au, Cu, Fe-Ni, Cu-Ag, Fe-Zn, Mn—Zn and Pd-Fe, have been used for the
adsorption of dyes [65-72].

Bimetallic nanoparticles (BNPs) that are composed of two different metals, as op-
posed to monometallic NPs, have drawn the attention of scientists [73]. Comparatively,
bimetallic NPs have a large surface area, thus serving as effective catalysts compared with
monometallic nanoparticles [74]. Their properties can be further improved to a great extent
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when these bimetallic nanoparticles are loaded on a high surface area material, such as
activated carbon, graphene oxide, etc. [61].

In this paper, we have synthesized bimetallic Pd-Ni nanoparticles by a phase transfer
method; NPs were then impregnated on activated carbon to enhance the surface area of
the overall ternary complex. The morphology (shape and size), elemental composition
and percentage of crystallinity were analyzed through different instrumental techniques.
The supported bimetallic NPs were used for adsorption of basic blue 3 dye from an
aqueous medium. The mechanisms and rate of the adsorption process were investigated
by applying different kinetic and isotherm models. Furthermore, the adsorbent material
used was regenerated by treatment with suitable eluents to check its reproducibility.

2. Materials and Methods
2.1. Chemicals Used

The chemicals used in this study were: palladium (II) chloride (PdCl,), nickel (II)
chloride hexahydrate (NiCl,-6H,0), activated carbon (AC), tetraoctylammonium bromide
(TOABr), sodium borohydride (NaBHy,), oleic acid, oleylamine, potassium hydroxide
(KOH), sulphuric acid (H,SOj4), sodium hydroxide (NaOH), toluene, ethanol, acetone,
chloroform, 2-propanol, n-hexane and hydrochloric acid (HCI). Basic blue 3 (BB-3) was used
as an adsorbate, and its structure is given in Figure 1 while its properties are presented in
Table 1. All the chemicals were of analytical grade and were purchased from Sigma-Aldrich
(Munich, Germany). The chemicals were used as received without any further purification.
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Figure 1. Structure of basic blue 3.

Table 1. Physiochemical properties of basic blue 3.

Name of Dye Basic Blue 3
Molecular formula CyoHy6CIN3O
Molecular Weight 359.9 g/mol

Amax (Maximum wavelength) 654

2.2. Instrumentation

The synthesized adsorbent was characterized by using a 30 KV scanning electron
microscope (JSM5910, JEOL, Tokyo, Japan) with an EDX detector (INCA100/Oxford In-
struments, Buckinghamshire, UK), X-ray diffractometer (JDX 3532, JEOL, Tokyo, Japan)
with SEI and EDX detectors (INCA200/Oxford Instruments, Buckinghamshire, UK), and a
CuKa source. The dye BB-3 concentration was quantified by measuring absorbance with a
double beam UV-vis spectrophotometer (UV-1800, Shimadzu Scientific Instruments Inc.,
Kyoto, Japan) at a wavelength of 654 nm. The solution pH was determined by using a pH
meter. Adsorption tests were conducted in a thermostatic water-bath shaker.

2.3. Synthesis of Supported Bimetallic Palladium-Nickel Nanoparticles

Pd-Ni nanoparticles were synthesized in a two-phase liquid system with slight modi-
fication in the reported procedure by adding capping agents, such as oleylamine and oleic
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acid [75]. About 5.6 mL of aqueous solution of PdCl, (0.022 M) and 5.6 mL of aqueous solu-
tion of NiCl, (0.033 M) were added to a solution of tetraoctylammonium bromide (ToABr)
as a phase-transfer agent in toluene (0.538 g of TOABr in 37 mL of toluene). Then, the
solutions were stirred for 2 h. The toluene phase was thereafter separated from the aqueous
phase and discarded. The capping agent (23.4 pL of oleic acid and 46 pL of oleylamine) was
then added to the mixture and was stirred for another 30 min. To reduce the Pd?* to Pd°
and Ni?* to Ni?, 35 mL of NaBHj4 solution (0.2 M) was drop wise added into the reaction
mixture and stirred for 12 h. After completing the process, the Pd-Ni colloidal particles
were obtained, which were then washed with a dilute solution of KOH (5 mM) and distilled
water. To support the Pd-Ni particles on the activated carbon, 80 mg of powdered activated
carbon was added. After the addition of activated carbon, the mixture was stirred for 12 h.
Then, the Pd-Ni powder supported on the activated carbon (Pd-Ni/AC) was separated
and purified with chloroform, acetone, toluene and ethanol [75]. The prepared powders
were kept in an oven at 70 °C for 2 h and stored in bottles. The summary of the entire
procedure is shown in Figure 2.

Solution of
TOABr

1 Aqueous solution of NiCI2
Two phase system
(Stirred for 2 hours)

Aqueous phase

Aqueous solution of PdCI2

discarded ‘

/\ Capping agents >— Organic phase —< Reducing agent >
~— (Stirring for 12 hours) ~——

Activated carb Washing with different
CVACCAON ) e | Colloidal Pd-Ni nanoparticles organic solvents

(As support) ~—— R

e VVQE;&{) I l
N water Pd-Ni/AC
nanoparticles

Figure 2. Synthesis of Pd-Ni supported on activated carbon.

2.4. Adsorption Experiments

The adsorption of basic blue 3 dye on the prepared adsorbent was performed at a
pH of 12. About 0.01 g Pd-Ni/AC was mixed with a 10 mL solution of BB-3 in reagent
bottles. The pH of the solutions was adjusted by the addition of a few drops of HCI (0.1 M)
or NaOH (0.1 M) based on the requirement of the experiments. The solutions were mixed
in a thermostatic water bath shaker for different time intervals. The reagent bottles were
removed from the shaker at a predetermined time, the adsorbent was separated and the
concentration of BB-3 dye in the filtrate was measured by a UV-vis spectrophotometer at
a wavelength of A max 654 nm. The dye’s concentration was determined based on the
calibration curve drawn for a concentration range. The adsorption capacity of adsorbent
qt (mg g~1) and the removal efficiency were calculated by using Equations (1) and (2),
respectively, according to a comparative study performed [76,77]:

G- G

qt W \ (1)
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where q; is the amount of dye adsorbed (mg/g), %R is the percentage of dye removal
efficiency, Cy is the initial concentration of dye (mg/L), C¢ is the concentration of dye after
adsorption, V is the volume of dye solution (mL) and W is the weight of the adsorbent (g).
Various kinetics models were used to enumerate the kinetic constants of adsorption.

Adsorption isotherm experiments were performed on different concentrations, which
ranged from 50 mg/L to 500 mg/L with 0.01 g of the prepared adsorbent, while the pH kept
was 12. After the addition of the adsorbent, the solutions were stirred for 1 h. Thereafter, the
adsorbent was separated from the solution through filtration, and at 654 nm the remaining
concentrations were determined using a UV-vis spectrophotometer.

Similar effects of adsorbent dosage, pH and temperature were determined for 100 mg/L
solutions, keeping the other parameters the same as the aforementioned.

%R = x 100 @)

3. Results and Discussion
3.1. Characterization of Pd-Ni/AC Morphology and Elemental Composition

The surface morphology of Pd-Ni/AC was determined by SEM analysis. The SEM
images are given in Figure 3a—d. The micrographs show rough interfaces along with many
holes and nanoparticles spreading over the material. Overall, the surface shows irregular
particle channels for the adsorption of the specified dye.

185 TRL UOR XS, BBE CRL UOP

¥

T, TR = YORL GPe
EE L. AUGF

£

Figure 3. SEM images of Pd-Ni supported on activated carbon at different magnifications of (a) 5000, (b) 10,000,

(c) 30,000, (d) 2500 ..
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Figure 4a shows the EDX elemental analysis of the prepared adsorbent. The results
show that elemental atomic weight percentages of Pd-Ni/ AC were found to be: C (56.63%),
O (13.56%), Pd (29.30%) and Ni (0.51%). Similarly, Figure 4b presents the XRD pattern for
the Pd-Ni/AC adsorbent. According to the Scherer formula, the calculated crystallite size
is 7.4 nm while the crystallinity is determined to be 83%. Moreover, the characteristic peaks
confirm the existence of the Pd—Ni alloy formation.

2

4
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Element Weight% Atomic% | b
300
CK 5663 8065
S 250
OK 1356 1449 S
2
NK 051 0.15 g 200+
E
PAL 2930 471 150
Total 100 100
NN 100
B AEY R A RS Ay LA AL M
g 10 12 14 16 18 T T T T T T T T T T T T T 1
eV 0 10 20 30 40 5 60 70 80

Full Scale 2149 cts Cursar 19.871 ke (0 cfs)

Figure 4. (a) EDX analysis; (b) X-rays Diffraction (XRD) spectrum of the Pd-Ni/AC.

3.2. Adsorbent Dosage Effect on Adsorption

Different adsorbent dosages (0.005-0.03 g) were used to find the optimum amount of
adsorbent used for BB-3 removal from the aqueous media in the adsorption experiments.
The results are shown in Figure 5a, emphasizing that a linear increase occurred in the
removal efficiency of dye with an increase in adsorbent dosage up to 0.01 g of the adsorbent,
which was due to the increase of adsorbent surface area and the greater availability of the
adsorption active sites. Hence, about 0.01 g of adsorbent dosage was used as the optimal
dosage in the subsequent experiments.

3.3. Effect of pH on Adsorption

The acidic or basic media had a major effect on the nature and charge of the adsorbent,
as well as on BB-3 adsorption. BB-3 adsorption was investigated at different pH levels
(1-14). According to Figure 5b, the maximum dye removal was obtained at pH (8-12). As
the dye is cationic in nature, high pH favorability was encountered and optimum adsorp-
tion values were achieved. The second most contributing factor was soft—soft interaction
between the functional groups that were present at the adsorbate and the metal centers at
the adsorbent. At high pH (8-12), electrostatic interaction between the adsorbent and the
dye, as well as the dye’s metal center interaction, enhanced the BB-3 removal efficiency. At
lower pH, the decrease in the removal efficiency of BB-3 might be due to H" ion competition
with BB-3 molecules for the adsorption sites at the adsorbent.

3.4. Effect of Contact Time on Adsorption of BB-3

It was found that the extent of dye removal was improved by increasing contact time,
and a maximum value was reached after 30 min. Figure 5c demonstrates that after 30 min
contact time, there was no significant effect on dye adsorption observed. Thus, a 30 min
reaction time was considered to be the optimum contact time.
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Figure 5. BB-3 adsorption on Pd-Ni/AC with the effects of (a) amount of adsorbent (b) pH and (c) contact time.

3.5. Adsorption Kinetics of BB-3 Adsorption

Adsorption kinetics must be considered for understanding the precise adsorption
mechanism. Adsorption kinetics were applied for the assessment of adsorbate-adsorbent
interaction and adsorption parameters [78]. Different kinetics models were applied to
assess the kinetics of BB-3 adsorption on the prepared adsorbent.

The linear form of the pseudo-first-order kinetic equation can be given as follows [76,77]:

k
1Og(qe - qt) = logqe - 23})3 (3)

In this equation, ki (min~!) is the equilibrium rate constant, qe and q; are the amounts
of dye adsorbed at equilibrium and t is time. The values of the constants k; and qe were
determined from the slope and intercept of the log (qe — q¢) versus t [79] plot, which is
shown in Figure 6a (Table 2).

The correlation coefficient RZ was less than 0.9, which confirmed that this model did
not show the best fit and proved that the sorption process was not a physisorption process.
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The pseudo-second-order kinetic equation was expressed as [76,77]:

t 1 t

— =t — )
% k@ q

where k; (g/mg/min) is the pseudo-second-order rate constant. The slopes and intercepts
of the plot of t/q; versus t (Figure 6b) were used to calculate the ge (mg/g) and k; val-
ues [80]. The pseudo-second-order constant k; (g/mg/min) and correlation coefficient R?
values for the adsorption process of BB-3 on the Pd-Ni/AC were calculated and are listed
in Table 2.
To understand the mechanism of the adsorption, an intraparticle diffusion model
was used [76,77]:
9 = kidt% +C 5)

where kiq is the intraparticle diffusion constant, and C shows the thickness of boundary
layer. The values are shown in Table 3. Figure 6¢ showed that the correlations do not pass
through the origin, from which it can be concluded that the intraparticle and film diffusion
are dominant.

The Elovich equation was applied to explain some aspects of the adsorption process.
A mathematical form of the model can be expressed as [76,77]:

g = In % + l%t (6)
where « is the initial sorption rate (mg/g/min), and the parameter 3 is related to the extent
of surface coverage and activation energy for chemisorption (g/mg) [81-83]. The q; vs. Int
was plotted and is shown in Figure 6d, and the value of « and 3 were determined, which
are listed in Table 3.

The Natarajan and Khalaf equation gives the relationship between the initial dye
concentration Cy and the concertation at a certain time C; [76,77]:

G\ k
log(ct) = mt 7)

where k is the Khalaf constant, its value calculated by plotting log(%’) against time t
(Figure 6e). The values of constants are given in Table 3.

log (9.-a,)
© o o o
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o 00

o
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0.2
_0.15
(=2
=
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time (min)

Figure 6. Cont.



Water 2021, 13, 1211

90f19

(@]

168

163

[y
wv
0o

q, (mg/g)

148

143

4 293K mW313K

2.1

4.1 5.1

ty

6.1

3.6

3.1

2.6

2.1

log (co/ Ct)

1.6

11

€ 293K W313K

333K

0.6
3.9

13.9

time (min)

23.9

33.9

i

1.5 2

2.5
Int

3 3.5

Figure 6. Kinetic models: (a) pseudo-first-order kinetics model; (b) pseudo-second-order kinetics model; (c) intraparticle
diffusion model; (d) Elovich model; (e) Natarajan and Khalaf model.

Table 2. Temperature-dependent parameters of pseudo-first- and pseudo-second-order kinetics for

adsorption of BB-3 on Pd-Ni/AC.

Parameter 293 K 313 K 333K
Pseudo-first order
Qe (cal) (mg/g) 21.281 17.414 17.782
qe (exp) (mg/g) 155.825 161.705 166.55
ky (min—1) 0.091 0.069 0.073
AqQ% 86.3 89.6 89.3
R? 0.948 0.960 0.960
Pseudo-second order
e (cal) (mg/g) 158.73 163.93 169.49
qe (exp) (mg/g) 155.825 161.705 166.551
K; (g/mg/min) 0.0086 0.0089 0.0087
Aq% 1.85 1.39 1.76
R? 0.999 0.999 0.999
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Table 3. Parameters of other kinetic models for adsorption of BB-3 on Pd-Ni/AC.

Parameters 293 K 313 K 333 K

Intra-particle diffusion

kig (mg/g min~1/2) 3.6702 3.4089 3.4618
C 135.53 142.21 146.87
R? 0.9972 0.9808 0.986

Elovich equation

« (mg/g min) o (mg/g min) « (mg/g min) « (mg/g min)
B (mg/g min) B (mg/g min) B (mg/g min) B (mg/g min)
R? R? R? R?

Natarajan and Khalaf equation
k (min—1) k (min1) k (min—1) k (min—1)
C C C C

3.6. Isotherm Study

In order to identify the superficial properties and affinity of the adsorbent for ad-
sorbate, isotherm models were used. The isotherm study signified how the adsorbate
interacted with the adsorbent and helped in enumerating adsorption capacities. Langmuir,
Freundlich and Temkin models were applied to explain the experimental data [84].

3.6.1. Langmuir Isotherm Model

This model can be successfully applied to the adsorption of different organic and
inorganic pollutants on various adsorbents. According to this model, the adsorption occurs
in monolayers, and the process takes place at certain homogenous sites contained by the
adsorbent [76,77]. The model can be expressed as

Ce GCe 1

% Qn  KiQn ®)

where C, ge, K, and Qp, are the concentration of dye at equilibrium (mg/L), amount
adsorbed at equilibrium (mg/g), Langmuir constant (L/g), and maximum adsorption
capacity (mg/g), respectively [85]. Plotting Ce/qe, versus Ce enables us to determine the
value of Ky, and Qn (from slope and intercept, Figure 7a—c). Their values, along with corre-
lation coefficient R?, are given in Table 4. The Langmuir maximum adsorption capacities
for sorption of BB-3 on Pd-Ni/AC were found to be 238.95, 277.78 and 333.3 mg/g at
293, 313 and 333 K, respectively. Langmuir isotherm provided high correlation coefficient
values and fit well with the experimental data.

3.6.2. Freundlich Isotherm Model

This model concerns non ideal and reversible adsorption processes, which are not
limited to the formation of monolayer [76,77]. This model can be expressed as

Inq, = InKf + %111 Ce )

where Ce, ge, Kf and 1/n are the equilibrium dye concentrations, amount of dye adsorbed at
equilibrium, adsorption capacity at unit concentration and adsorption intensity, respectively.

When 1/n = 0, the process will be irreversible; when 0 < 1/n < 1, the process will be
favorable and when 1/n > 1, the process will be unfavorable [86].
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A plot of Inge versus C. enables us to determine the values of the above parameters
from the slope and intercept (Figure 7d—f), the values of which are given in Table 4. The
values of 1/n were: 0.3181, 0.3139 and 0.3379 at 293, 313 and 333 K, respectively, which
indicates that the adsorption process was energetically favorable.

3.6.3. Temkin Isotherm Model

This model has two basic assumptions: (i) with the coverage of the surface, the heat
of adsorption increases due to a positive interaction between adsorbate and adsorbent,
and (ii) adsorption is described as a homogeneous distribution of binding sites of uniform
energies up to a certain limit [76,77]. This model can be expressed as

qQe = B1InKt 4+ B1InCe (10)
where B and Kt are the heat of adsorption and the equilibrium binding constant (L/mg)
respectively [87]. Plotting ge versus InC. enabled us to find out the values of these constants
(Figure 7g—i). Their values are given in Table 4.

According to Table 4, the R? values show that the adsorption of BB-3 Pd-Ni/AC
isotherm followed the Langmuir isotherm, as its value was greater than that of the Fre-
undlich and Temkin isotherms. This indicates that the present adsorption processes can be
better described by the Langmuir than the Freundlich and Temkin models, suggesting that
adsorption occurs as the monolayer on the homogenous adsorbent surface.
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Figure 7. Adsorption isotherm models: (a) Langmuir isotherm at 293 K; (b) Langmuir isotherm at 313 K; (c) Langmuir
isotherm at 333 K; (d) Freundlich isotherm at 293 K; (e) Freundlich isotherm at 313 K; (f) Freundlich isotherm at 333 K;
(g) Temkin isotherm at 293 K; (h) Temkin isotherm at 313 K; (i) Temkin isotherm at 333 K.
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Table 4. Parameters of isotherm study for adsorption of the BB-3 on Pd-Ni/AC.

Parameter 293 K 313 K 333 K

Langmuir isotherm model

Qm (mg/g) 238.95 277.78 333.3
Ka (g/mg) 0.00473 0.059 0.0824
R? 0.9825 0.985 0.988
RL 0.297 0.032 0.023

Freundlich isotherm model

1/n 0.3181 0.3139 0.3379
Kf 41591 53.088 62.95
R? 0.8934 0.868 0.902

Temkin isotherm model

By 39.348 44.312 52.997
Ky 1.163 1.717 2.264
R? 0.95 0.9384 0.9297

3.7. Thermodynamic Study

The thermodynamic parameters attained for the adsorption of BB-3 onto Pd-Ni/AC
were calculated using the following equations [76,77]:

AG° = —RTInKa (11)
where K. = Q. /Ce.
AS°  AH°
In(Kc) = R " RT (12)

AG°, AH®, AS°, K. and K, are the changes in Gibbs free energy, enthalpy, and en-
tropy; the ratio of equilibrium adsorption; equilibrium concentration and the Langmuir
constant, respectively. These values are given in Table 5, while the Van’t Hoff plot is given
in Figure 8.

0.3
0.2
y = -746.84x + 2.4818
g 01 R =0.9915
<
0
00035 00T 00033 00032 0003 0003  0.0029

1T

Figure 8. Van't Hoff plot of BB-3 adsorption on ternary composite.

At different temperatures, the Gibbs free energy change (AG®) was found to be neg-
ative, indicating that the adsorption process was feasible and spontaneous. The decline
in AG® values was found as temperature increased, indicating that the adsorption pro-
cess occurs more favorably at lower temperatures [88]. The increased randomness at the
dye/adsorbent interfaces and a strong affinity for the adsorption were verified by the
positive value of change in enthalpy (AH®) [89]. During adsorption, a positive entropy
change (AS°) indicated increased disorder at the solid—solution interface.
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Table 5. Thermodynamic parameters for adsorption of BB-3 on Pd-Ni/AC.

AG® (kJ/mol) AH° (kJ/mol)  AS® (kJ/mol K)
293K 313K 333K
~13.297 ~13.780 14264 —6.206 0.0242

3.8. Regeneration Study

To determine the regeneration efficiency of Pd-Ni/AC, the sample was washed with
suitable eluents (dilute sodium hydroxide and ethanol) and then used several times, and the
removal efficiency was monitored. From Figure 9 it was found that the removal efficiency
was reduced up to 79% after six rounds of regeneration, showing that Pd-Ni/AC can be
used with a sufficient efficiency up to several cycles.

R a— A e ja—

80
S 60
)
E 40
-4
X 20

0

fresh 1st 2nd 3rd 4th 5th 6th

Regeneration rounds

Figure 9. Regeneration of adsorbents Pd-Ni/AC on dye treatment.

3.9. Comparing Adsorption Capacities of Reported Adsorbents with Current Adsorbent

Pd-Ni nanoparticles as an adsorbent showed maximum adsorption capacity compared
with previously reported results [90-94] (Table 6). Hence, Pd-Ni nanoparticles may be
an effective adsorbent for the removal of BB-3 dye and other pollutants. Previous studies
have shown the assessment of the effects of pH and other factors on the solubility and
performance of nanomaterials, which could be applied similarly in future studies [95-97].

Table 6. Comparison of adsorption capacities of various adsorbents for the removal of BB-3 within
our current study.

Adsorbent Pollutant QOmax (mg/g) References

Ternary polymer composites BB-3 200 [90]

Chitosan-based adsorbent BB-3 134.5 [91]
Sulfuric Acid-Activated

Montmorillonite Mineral BB-3 277 521

durian peel (Durio zibethinus Murray) BB-3 49.50 [93]

Weak acid acrylic resin BB-3 59.53 [94]

Pd-Ni nanoparticles BB-3 333 Current study

4. Conclusions

The aim of this study was to synthesize the Pd-Ni nanomaterials and to impregnate
them onto activated carbon to enhance the surface of prepared nanoparticles. The prepared
ternary adsorbent was used as an efficient adsorbent for the removal of basic blue 3 (BB-3)
from water. The bifunctional alloy formation was confirmed from the metal analyses by
XRD and the surface morphology by SEM analysis. About 94% removal of the BB-3 was
achieved through the prepared adsorbent, indicating its high efficiency to remove the
selected dye from water. Various equilibrium and kinetics models were used to calculate
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different parameters of the adsorption, where pseudo-second-order kinetics and Langmuir
models were found to be the best models that accommodated the experimental data with
high R? values. The calculated thermodynamic parameters showed the process to be
spontaneous (AS° = 0.0242 kJ/mol K and AG® = —13.297, —13.780 and —14.264 kJ /mol,
respectively at 293, 313 and 333 K) and exothermic (AH® = —6.206 k] /mol) in nature. The
prepared adsorbent was effective in the removal of the selected dye and further tests are
needed to evaluate its applicability for other pollutants as well.
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